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EXECUTIVE SUMMARY
Over the past thirty years, process control has spread from the chemical industry into the fields of mineral and coal processing. Today, process control computers, combined with improved instrumentation, are capable of effective control in many modern flotation circuits.
Unfortunately, the classical methods used in most control strategies have severe limitations when used in froth flotation. For example, the nonlinear nature of the flotation process can cause single-input, single-output lines to battle each other in attempts to achieve a given objective.
Other problems experienced in classical control schemes include noisy signals from sensors and the inability to measure certain process variables. Factors related to ore type or water chemistry, such as liberation, froth stability, and floatability, are often difficult or impossible to measure by conventional means.
The purpose of this project is to demonstrate an advanced control system for fine coal flotation. The demonstration is being carried out at an existing coal preparation plant by a team consisting of Virginia Polytechnic Institute and State University (VPI&SU) as the prime contractor and J.A. Herbst and Associates as a subcontractor. The objectives of this work are: 1) to identify through sampling, analysis, and simulation those variables which can be manipulated to maintain grades, recoveries, and throughput rates at levels set by management; 2) to develop and implement a model-based computer control strategy that continuously adjusts those variables to maximize revenue subject to various metallurgical, economic, and environmental constraints; and 3) to employ a video-based optical analyzer for on-line analysis of ash content in fine coal slurries.
During the past two quarters, the steady-state and dynamic performance of the flotation bank at the test site (Pittston's Moss No. 3 plant), were characterized as part of Task 2 -vii Sampling and Data Analysis. Many of the findings from this sampling campaign were reported last quarter. Additional findings during the past quarter seem to support the conclusion that the plant is operating quite well. For example, a size and composition analysis of the plant flotation data indicates that nearly all clean coal recovery is due to particle attachment to air bubbles.
Non-selective entrainment is only significant for -400 mesh mineral particles. An analysis of the flotation rate constants determined from plant data indicates that there is some opportunity for a control system to improve the flotation of the 200 x 400 mesh clean coal; however, changes in operating parameters seem to have little effect on the +200 and -400 mesh material. An analysis of the transient response obtained after a change in operating parameters indicates that there is an initial inverse response in clean coal ash content before a new steady-state is reached.
Fortunately, such an inverse response provides an excellent rigorous test for validating a dynamic model. Disturbances in the system due to changes in flow rate seem to correlate well with changes in the overall plant flow rate. This is a convenient finding since there is no good way to incorporate a flow sensor in the feed line to the flotation bank. Finally, residence time distribution tests indicate that the four-cell flotation bank behaves like four perfect mixers in series with a mean retention time of four minutes. This is a convenient finding for modeling purposes.
At this time, a model structure has been identified and several simplifying assumptions have been made to allow the model to operate in an on-line configuration. Simulator development and control strategy evaluation are now underway, and sensor testing has resumed following the installation of a non-plugging sample line. At present, the project is roughly three months behind, but it is expected that some of this lost time can be recovered once the in-plant installation of the control system begins in June.
INTRODUCTION
Over the past thirty years, process control has spread from the chemical industry into the fields of mineral and coal processing. Today, process control computers, combined with improved instrumentation for monitoring process parameters and performance, have demonstrated improved control in many modern flotation plants. Unfortunately, the classical methods used in most control strategies have severe limitations when it comes to control of froth flotation. The nonlinear nature of the flotation process, for example, can cause single-input, single-output control lines to battle each other in attempts to achieve a specific control objective.
Other problems experienced in classical control schemes include noisy signals from measuring devices and the inability to measure certain process variables. Furthermore, factors related to ore type or process water chemistry, such as liberation characteristics, froth stability, and floatability, cannot be measured by conventional means.
The purpose of this project is to demonstrate an advanced control system for fine coal flotation at an operating coal preparation plant. The objectives of this work are: 1) to identify through sampling, analysis, and simulation those variables which can be manipulated in the plant to maintain grades, recoveries, and throughput rates at levels set by management; 2) to develop and implement a model-based computer control strategy that continuously adjusts those variables to maximize revenue subject to various metallurgical, economic, and environmental constraints; and 3) to employ a video-based optical analyzer for on-line analysis of ash content in fine coal slurries. The following is a summary of work completed during the eighth quarter of this project. The sampling campaign consisted of three types of tests including:
1. a 2 3 factorial design test to determine the effects of collector, frother, and pulp level on the performance of the flotation bank, and to estimate the parameters of a flotation model (The design was blocked into two, half-factorial designs, one at low feed rate and the other at high feed rate.), 2. a residence time distribution test using a lithium chloride tracer, and 3. a series of batch flotation tests using flotation feed samples to determine variability in the floatability of the coal.
A schematic of the 2 3 factorial design is shown in Figure 2 , the change in manipulated variables was made at time t=0, and three transient samples were collected at 3 , 6, and 12 minutes. The last sample at 20 minutes was considered to be the steady-state sample.
The samples were analyzed for percent ash, percent solids, particle size distribution, and particle composition. 
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Previous Sample The residence time distribution test was performed using a lithium chloride (LiCl)
tracer. One kilogram of LiCl was dissolved in 4 liters of water and injected into the flotation feed as a pulse at time 0. A series of samples were then collected from the tailings box at 30-second intervals using 500 ml sample bottles. The liquid in the sample bottles was then decanted and analyzed for lithium concentration using atomic absorption.
Variations in coal floatability were characterized using batch flotation tests conducted on feed samples collected at progressively longer intervals between sample times. Initially samples were collected frequently to catch rapid variations. The sample times were then increased in a geometric progression to catch less frequent variations.
This technique is less precise than collecting samples for short, equally spaced times, but it greatly reduces the number of samples, and it can catch both short-and long-term disturbances.
As each sample was collected, it was immediately brought to the batch flotation cell so that the chemistry of the batch flotation matched that of the actual plant as closely as possible. The sample was floated in the batch cell for 2 minutes, and all froth was collected during that time. The froth and tails were then filtered and analyzed for ash content.
Subtask 2.2 -Data Analysis:
As the first step in Subtask 2.2, all of the assays collected under Subtask 2.1 were mass balanced to provide consistent estimates of mass flowrates, size, composition, and ash content. A description of this mass balance procedure is provided here.
Mass Balance: The variables used to close the mass balance are shown in Figure   3 . The mass balance equations required for this procedure include:
Pulp Mass Flowrate:
Solids Mass Flowrate:
Global Ash Content Flowrate:
Size Mass Flowrate:
Ash Content per Size Flowrate:
Particle Composition per Size Flowrate:
Concentrate
Pulp mass flowrate Percent solids Ash content Size fraction of size l
Particle composition class k per size l The adjustment procedure minimizes an objective function based on the least squares criterion (note: T refers to matrix tranpose):
subject to the mass balance constraints (Equations 1-6) of the form ( )
where 
where λ λ are the Lagrangian multipliers.
The solution of Equation (9) is nonlinear if $ z is unknown and linear if $ z is known. For unknown $ z the objective function in Equation (9) Figure 4 shows the response of percent ash in the concentrate to changes in the manipulated variables at the beginning of each test (refer to Figure 2 ). In Figure 4 changes are made at time 0 minutes, 20 minutes, and so on. The sample taken 20 minutes after a change was made is the sample used for estimation of model parameters in model building. In order for a dynamic model of this process to be accurate, the response of the dynamic simulator to changes in manipulated variables must be similar to that shown in Figure 4 . For almost every test an inverse response is seen immediately after a change is made. Thus, these results should provide a good test for the dynamic simulator. The population balance framework is an excellent approach for modeling particulate systems that cannot be solved using the usual continuity and rate expressions. A number balance is developed from the general conservation equation:
and is applied to particles having a specific set of properties { } Free in the pulp:
Attached in the pulp:
Free in the froth:
Attached in the froth:
where ψ ij LP is the number of particles free in the liquid in the pulp per volume of liquid in the pulp, ψ ij BP is the number of particles attached to bubbles in the pulp per unit volume of air in the pulp, ψ ij LF is the number of particles free in the liquid in the froth per unit volume of liquid in the froth, ψ ij BF is the number of particles attached to bubbles in the froth per unit volume of air in the froth, and ψ ij Feed is the number of particles in the feed per unit volume of liquid in the feed. The interphase transfer rates are dependent on particle properties and the chemical and physical environment of the flotation cell where k ij PAT is the particle attachment rate constant in the pulp, k ij PDT is the particle detachment rate constant in the pulp, k ij FAT is the particle attachment rate constant in the froth and control, the online model must be simple for quickness and robustness; however, the simplified model must not be so simple that it fails to approximate the first order behavior of the process. The assumptions that lead to an accurate yet simple model are:
1) Coal is a highly hydrophobic material so that the rates of attachment in both pulp and froth phases are much larger than detachment, i.e.,
PDT ij
PAT ij k k >> and
This is not a good assumption for hydrophilic or weakly hydrophobic ash particles, and it introduces a certain amount of error into the predictive capabilities of the model since attachment and detachments rates are affected by the manipulated variables differently. However, since entrainment of ash particles is more significant than flotation of ash particles the error is not serious.
2) Drainage of water from froth to pulp is much less than entrained water from pulp to froth, i.e.
R E Q Q >>
. Drainage is more important in flotation cells that have wash water added to the froth, such as flotation columns.
3) The small amount of middlings material present in this coal (see Figure 6 ) means that the sample can be represented by two composition classes; a class containing 100% carbonaceous material to be referred to as "clean coal" and a class containing 100% mineral matter to be referred to as "ash". Entrainment: The rate at which a particle class is entrained into the froth is, to a good approximation, proportional to its concentration in the pulp liquid phase. The mass flowrate of a particle class into the froth by entrainment for the kth cell, 
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Experimentally, entrainment can be calculated by determining the recovery of water from the flotation bank. If it is assumed that the entrained water has the same composition of solids as the pulp in the bank (a valid assumption for a well-mixed system), the clean coal and ash recovered by entrainment can be separated from the clean coal and ash recovered by attachment to bubbles. Since all +200 Mesh material was found to be low ash (i.e., < 7%), no +200 Mesh particles reported to the tail. Thus, the rate parameter for the +200 Mesh size interval is, mathematically, infinite. For practical purposes a high rate, 3
as shown in the plots. At low feed rate (i.e., higher retention time) the center point resulted in the highest flotation probability ( τ ij k ) while at high feed rate (i.e., lower retention time) the center point resulted in the lowest probability. At high feed rate there appears to be some opportunity for increasing recovery of the 200 x 400 Mesh clean coal class. However, with the exception of two conditions at low feed rate, the flotation probability of the -400 Mesh material is insensitive to the manipulated variables. Thus, there appears to be little opportunity for increasing recovery of the -400 Mesh material through the use of a control system. Similarly there appears to be no opportunity for increasing recovery of the +200 Mesh material since it is essentially all floated. Increasing the feed rate (i.e. decreasing residence time) reduced the flotation probability at the center point, but the behavior at other conditions when the feed rate was increased is more complicated. 
Subtask 3.2 -Simulator Development:
The change to the Pittston test site has slowed simulator development somewhat. The C++ code for a flotation cell object has been written and will be tested in a dynamic simulator. A generic Kalman filter object is available to be used in conjunction with the flotation cell object to form the estimator.
The optimizer object will be written in C++. It is expected that this subtask will be completed early in the next quarter. 
Task 5 -Sample Analysis and Characterization
Sample analysis is continuing as samples are collected under Task 4. All sample analysis and characterization work is on schedule.
Task 6 -Equipment Procurement and Installation
Following the testing of design modifications related to the video-based ash analyzer, specifications for the system to be installed as part of the Moss No. 3 control system have now been established. All other equipment specifications are nearly complete, and should be finalized by April or early May, 1998, based on control strategy simulations.
Task 7 -Operation and Testing
Due to delays in completing Task 3, this task will likely be delayed until July, 1998.
Task 8 -System Evaluation
Due to delays in completing Task 3, this task will likely be delayed until August, 1998.
Task 9 -Decommissioning
This task is scheduled to begin in January, 1999.
Task 10 -Final Report
This task is scheduled to begin in February, 1999.
SUMMARY STATUS AND FUTURE WORK
Major accomplishments during the past quarter were the completion of all data analysis under Task 2 -Sampling and Data Analysis and the development of a mathematical model of the flotation process as part of Task 3 -Model Building and Computer Simulation. As a result of this work, the following conclusions can be drawn:
1. The assays collected from the sampling campaign appear to be reasonable based on the minimal adjustments required for material balancing.
2. Dynamic analysis of the transient response obtained after an operating parameter is changed indicates that there is an initial inverse response in clean coal ash content before a new steady-state is reached. This inverse response should provide a good test for validating the dynamic simulation model.
3.
A model structure has now been identified and several simplifying assumptions have been incorporated to make the model useful for on-line purposes.
4. A size and composition analysis of the plant flotation data indicates that nearly all clean coal recovery is due to particle attachment to air bubbles. Entrainment only appears to be significant for -400 mesh ash particles.
5. An analysis of the flotation rate constants determined from plant data indicates that there is some opportunity for a control system to improve the flotation of the 200 x 400 mesh clean coal, while changes in operating parameters seem to have little effect on the +200 and -400 mesh material.
6. Residence time distribution tests indicate that the four-cell flotation bank at the Moss No. 3 plant behaves like four mixers in series with a mean retention time of four minutes. This result is especially convenient for mathematical modeling.
7. Disturbances in the system due to changes in flow rate seem to correlate with the overall changes in plant flow rate. However, batch flotation tests seem to indicate that there may be some short-term disturbances arising from uncontrolled changes in chemistry or coal floatability. As mentioned in the previous quarterly report, these short-term disturbances may actually be an anomaly of the testing procedure and should be taken with a grain of salt.
8. Simulator development and control strategy evaluation are now underway. A control strategy of maintaining a 38% incremental ash off of the last flotation cell has been agreed upon with Pittston personnel as the primary control strategy to be investigated in this project.
9. Following the installation of a non-plugging sample line, sensor testing has now resumed. All sensor calibration and testing is expected to be completed by May, 1998. Work is progressing well, and it appears that the delay caused by switching test sites has only set the project back by three months. It is expected that the model building and simulator development work under Task 3 and the sensor testing work under Task 4 will be completed by the end of the next quarter. This should make it possible to begin in-plant testing of the control system by July, 1998. x^-vector of adjusted assays in a material balance calculation.
x E -vector of measured assays in a material balance calculation.
z^-vector of unmeasured flow rates in a material balance calculation. ψ ij LP -number of particles free in the liquid in the pulp per unit volume of liquid in the pulp.
